The type 3 secretion system (T3SS) and the bacterial flagellum are related pathogenicity-associated appendages found at the surface of many disease-causing bacteria. These appendages consist of long tubular structures that protrude away from the bacterial surface to interact with the host cell and/or promote motility. A proposed "ruler" protein tightly regulates the length of both the T3SS and the flagellum, but the molecular basis for this length control has remained poorly characterized and controversial. Using the Pseudomonas aeruginosa T3SS as a model system, we report the first structure of a T3SS ruler protein, revealing a "ball-and-chain" architecture, with a globular C-terminal domain (the ball) preceded by a long intrinsically disordered N-terminal polypeptide chain. The dimensions and stability of the globular domain do not support its potential passage through the inner lumen of the T3SS needle. We further demonstrate that a conserved motif at the N terminus of the ruler protein interacts with the T3SS autoprotease in the cytosolic side. Collectively, these data suggest a potential mechanism for needle length sensing by ruler proteins, whereby upon T3SS needle assembly, the ruler protein's N-terminal end is anchored on the cytosolic side, with the globular domain located on the extracellular end of the growing needle. Sequence analysis of T3SS and flagellar ruler proteins shows that this mechanism is probably conserved across systems.
Pathogenic bacteria interact with the cells from infected hosts through a number of multiprotein appendages on their surface, including flagella, fimbriae, pili, and secretion apparatus (1) (2) (3) . Among these, the bacterial flagellum and the type III secretion system (T3SS) 6 are evolutionarily related (4) and are similar morphologically. Both complexes consist of a basal body portion embedded in and spanning the membrane(s) of the species that encode them, a cytoplasmic export apparatus (also responsible for rotation in the case of the flagellum), and the needle (T3SS) or hook/filament (flagellum) protruding away from the bacterium (5, 6) . Both the T3SS and the flagellum possess a number of homologous components, particularly for the export apparatus.
The assembly of the T3SS and flagellum follows a similar, tightly regulated pathway (6 -8) . First the inner membrane components of the export apparatus and basal body assemble and then recruit the outer membrane proteins. This complex is capable of secreting early effectors, namely the needle (T3SS) and hook (flagellum), which assemble on the extracellular side. Upon completion of these structures, a so-called "substrate switching" event causes the arrest of needle/hook elongation and initiates secretion of the intermediate effectors (tip and translocon for the T3SS, filament for the flagellum). In the case of the T3SS, a second substrate-switching event is triggered by the contact with a target cell, leading to the secretion of late effectors.
Several conserved components of the T3SS and the flagellum have been implicated in substrate switching, primarily the socalled ruler protein (FliK, YscP, Spa32, InvJ, and EscP in the flagellum, Yersinia T3SS, Shigella T3SS, Salmonella SPI-1 T3SS, and enteropathogenic Escherichia coli T3SS, respectively), the deletion of which leads to the formation of abnormally long needles in the T3SS (9 -14) or of polyhook structures in the flagellum (15, 16) . Importantly, ruler proteins are secreted in a T3SS-dependent manner, concomitant with secretion of the early effectors (12, (17) (18) (19) . Another conserved component (FlhB, YscU, Spa40, SpaS, or EscU, respectively), locatedintheinnermembrane,undergoesspontaneousautoproteolysis of a cytoplasmic loop (20) , which is essential for substrate switching (15, (21) (22) (23) (24) (25) .
In 2003, a remarkable study by the group of Cornelis (26) on the Yersinia enterocolitica T3SS ruler protein YscP showed a linear correlation between the length of the yscP gene and the length of the T3SS needle. From this observation, the authors hypothesized that YscP physically measures the length of the needle by anchoring on the cytoplasmic and extracellular ends of the needle and spanning through its lumen. In addition, coexpression of two YscP mutant proteins of different length in vivo led to two distinct T3SS populations with needle length matching either mutant protein. This supported the model that a single ruler protein regulates needle length in each individual T3SS complex (27) . However, the precise mechanism of needle length measurement and substrate switching remains highly controversial, with many competing models being proposed (28 -31) .
Sequence and mutagenesis analyses of YscP indicate that this protein consists of two domains. At the N-terminal span of the sequence, a predicted helical region is responsible for dictating needle length (referred to as the length-sensing (LS) domain, residues 1-402). In the C-terminal region, a predicted globular domain (residues 403-492; described previously as the type III secretion substrate specificity switch (T3S4) domain, which for clarity we will refer to as the substrate-switching (SS) domain), is necessary for the hierarchical switching of substrates during T3SS assembly and subsequent virulence effector secretion (26, 32) .
Here, we report the first structure of a T3SS ruler protein, using the human pathogen Pseudomonas aeruginosa as a model system, revealing a "ball-and-chain" architecture consisting of an intrinsically disordered LS domain followed by a globular, highly stable SS domain. The conserved LPXLG motif is critical in formation of a ␤-hairpin that lends to the unusual stability of the SS domain. We also observe that the size and stability of the SS domain would not support its possible secretion through the T3SS needle, suggesting that it is located on the extracellular side prior to needle elongation. Finally, we report the crystal structure of the P. aeruginosa autoprotease PscU and demonstrate that it binds to a sequence motif at the N-terminal end of PscP, which is highly conserved across T3SS and flagellar variants. Collectively, these data indicate that the ruler protein is anchored to the cytoplasm at its N terminus, whereas the C-terminal SS domain sits on the extracellular side prior to needle assembly, forming an external anchor. Sequence analysis of other T3SS and flagellar ruler proteins suggests that both the SS domain fold and the interaction between the ruler and autoprotease are probably conserved in all systems, indicative of a common mechanism.
Experimental Procedures
Cloning, Protein Expression, and Purification-All constructs for purification were cloned into the pET28a vector (Novagen), with an N-terminal thrombin-cleavable His 10 tag, using restriction-free cloning (33) . For co-purification experiments, the genes coding for PscU(210 -348), PscP(1-369), PscP and PscP(256 -369) were cloned into pET21a, and the genes coding for PscP (20 -40) and PscP(350 -369) were cloned into pET SUMO. Point mutations were introduced by site-directed mutagenesis.
Plasmids were transformed into BL21(DE3) competent cells, and transformants were grown to mid-log phase at 37°C. Protein expression was induced with 1 mM isopropyl 1-thio-␤-Dgalactopyranoside at 20°C for 14 h. Cells were harvested at 6,000 ϫ g for 15 min, pellets were resuspended in 20 ml of lysis buffer (50 mM HEPES, pH 6.8, 150 mM NaCl with an added protease inhibitor mixture (Roche Applied Science)), and cells were lysed by sonication for 10 min. Proteins were purified from the supernatant using nickel-nitrilotriacetic acid beads (Roche Applied Science) and eluted with lysis buffer containing 500 mM imidazole. The His 10 tag was cleaved using thrombin (Roche Applied Science) at a 1:1,000 dilution, at 4°C for 14 h. Proteins were further purified by gel filtration, using a Superdex 75 column (GE Healthcare) in lysis buffer.
For NMR experiments, proteins were expressed in M9 minimal medium containing 1 g/liter 15 N-labeled NH 4 Cl. Purification was performed as above.
NMR Spectra Acquisition and Assignment-Protein samples were concentrated to 0.2-0.5 mM and dialyzed against 50 mM HEPES, pH 6.8, 10% D 2 O. All spectra were collected using a 600-MHz Bruker Avance III spectrometer, equipped with a TCI cryoprobe. Spectra were processed using NMRPipe (34) and analyzed with Sparky (35) .
Protein Crystallization and X-ray Crystallographic Structure Determination-Initial crystallization trials were performed by sitting drop vapor diffusion using a Phoenix drop setter (Rigaku). Crystals of PscP(256 -369) were obtained in a range of conditions, with optimal diffraction obtained in 0.1 M citric acid, 20% PEG 60000, pH 5.0, at 20°C. Crystals of PscU(220 -341) grew in a range of conditions containing 20% PEG 3350, but these showed no diffraction. In addition, small rodshaped crystals were obtained at 4°C in 1 M diammonium hydrogen phosphate, 0.1 M sodium acetate, pH 4.5, that diffracted to ϳ3 Å.
For data collection, crystals were cryoprotected by soaking in the crystallization condition supplemented with 30% glycerol and flash-cooled in liquid nitrogen. Native data sets were collected at beamline CMCF-1 of the Canadian Light Source, at 100 K. For PscP(256 -369), an iodide derivative was obtained by soaking in 0.1 M citric acid, 20% PEG 60000, 0.5 M sodium iodide, pH 5.0, for 10 min, and a data set was collected at a home x-ray source.
The structure of PscP(256 -369) was solved by SAD using Phenix (36) and phase information from eight iodide atoms. The structure of PscU(220 -341) was solved by molecular replacement with Phaser (37), using the structure of YscU (Protein Data Bank entry 2JLI) (38) as a search model. All data sets were processed with Mosfilm (39) and scaled with Scala (40) , and all models were built using Coot (41) and refined with REF-MAC5 (42) and Phenix (43) .
The PscP(256 -369) and PscU(220 -341) structures were refined to 2.10 and 2.90 Å resolution, respectively (Table 1) , and both have good stereochemistry, with 98.9 and 95.0% (respectively) of residues in the favored region of the Ramachandran plot with no outliers. We note the presence of density in the PscP(256 -369) structure that we attributed to two glycerol molecules, which was present in the cryoprotectant and therefore is unlikely to be biologically relevant.
Symmetry-guided Homology Modeling-For the Rosetta helical modeling, we initially applied the procedure described by DiMaio et al. (44) , based on the PscF-PrgI alignment shown on Fig. 4A and using the solid state NMR-derived PrgI structure (Protein Data Bank entry 2LPZ) for both helical symmetry and homology model template. This led to a number of clusters of models, the lowest energy of which resembled the PrgI needle, but other clusters had an unrealistic conformation with a much larger needle where protomers made very few contacts.
To further help with the conformational space search, we added an additional restraint to the modeling protocol to account for the fit to the MxiH EM map (to avoid model bias), at 25 Å resolution (Electron Microscopy Data Bank ID 1416). This approach led to the modeling procedure converging to a single cluster of models (Fig. 4B) .
P. aeruginosa Mutant Generation and in Vivo Assay-To obtain an in-frame deletion of pscP, we used a three-step fusion PCR (45) construct in which pscP was replaced by a gentamicin cassette. Briefly, primers were designed to amplify 1-kb-long fragments flanking pscP in the P. aeruginosa PA14 chromosome as well as to amplify the gentamicin resistance gene from plasmid pPS858. The resulting fragments were fused via two PCRs. The resulting fragment was cloned into the suicide vector pEX18Amp (46) , which was transformed into E. coli S17-1pir, from which it was transferred by conjugation into P. aeruginosa strain H103 with a fliC mutant to generate deletion of pscP by allelic exchange. Colonies carrying the gentamicin cassette were selected by growing the cells from the conjugation on plates containing 30 g/ml gentamicin for 24 -48 h. The obtained colonies were then passed twice on plates containing 15 g/ml gentamicin and 5% (w/v) sucrose to select for double recombinants. The correct deletion of pscP was subsequently confirmed by PCR and sequencing.
For T3SS expression, we transformed the P. aeruginosa strain H103 ⌬fliC or P. aeruginosa strain H103 ⌬fliC/pscP with the plasmid pHERD20T containing the exsA gene and grew these in LB medium complemented with 5 mM EGTA, 20 mM MgCl 2 . Bacteria were grown at 37°C to mid-log phase, and ExsA expression was induced with 0.02% arabinose at 37°C for 3 h. Cultures were applied on glow-discharged carbon grids and stained using 0.75% uranyl formate. Images were collected on a Technai G2 transmission electron microscope (FEI) operating at 200 kV and equipped with a high speed AMT 2K side mount CCD camera.
Differential Scanning Calorimetry, Peptide Mapping, and Copurification Assays-Differential scanning calorimetry experiments were carried out using 0.3 mg/ml protein in the specified buffer, with SYPRO Orange (Life Technologies, Inc.) at 5ϫ final concentration. A 25-l assay volume mixture was transferred into a MicroAmp Fast optical reaction plate (Applied Biosystems), and thermal denaturation was monitored in an Applied Biosystems StepOnePlus RT-PCR system using the ROX filter set (excitation, 488 nm; emission, 620 nm) at a rate of 1°C/min from 25 to 95°C with fluorescence measured every 0.5°C.
For the peptide-mapping assay, peptides were synthesized directly onto a modified cellulose membrane covalently via a polyethylene glycol linker using a MultiPep peptide synthesizer (Intavis), consisting of 15-17-amino acid segments of the PscP protein sequence for a total of 116 peptides. A 16-polyhistidine peptide was also synthesized as a positive control. The membrane containing the immobilized peptides was washed three times with 0.1% Tween 20 in PBS (PBST) and blocked with 5% skim milk powder in PBST for 1 h followed by washing with PBST and PBS. The membrane was then incubated with 0.3 M PscU C -His in PBS (or only PBS for the control PscU C -negative experiment) for 1 h at 4°C, followed by extensive washing with PBST. The membrane was again blocked with 10% skim milk powder in PBST for 1 h, followed by extensive washing with PBST. Next, the membrane was incubated with a 1:5,000-diluted HRP-conjugated anti-His antibody (Alpha Diagnostics) in 5% skim milk powder in PBST for 1 h followed by washing with PBST. Finally, the membrane was developed with ECL reagent (PerkinElmer Life Sciences) and exposed to film for 1 min.
For the co-purification experiments, plasmids for the two proteins or mutants were transformed into competent BL21(DE3) cells and grown in 50 ml of LB at 37°C to mid-log phase. Expression was induced with 1 mM isopropyl 1-thio-␤-D-galactopyranoside, and proteins were expressed at 37°C for 4 h. Cells were harvested at 6,000 rpm for 15 min, and pellets were resuspended in 1 ml of lysis buffer and sonicated at 40% amplitude for 1 min. Debris was pelleted at 14,000 rpm for 30 min, and the supernatant was incubated with 100 l of equilibrated nickelnitrilotriacetic acid beads at 4°C for 1 h. Beads were pelleted at 14,000 rpm for 15 min, the supernatant was discarded, and the beads were washed twice with 1 ml of lysis buffer and then with 1 ml of lysis buffer containing 75 mM isopropyl 1-thio-␤-Dgalactopyranoside. Proteins were eluted with 100 l of lysis buffer complemented with 1 M isopropyl 1-thio-␤-D-galactopyranoside. In the case of the co-purification of the PscP domains with His-PscU C , expression of PscU C was reduced when co-expressed with the SS domain of PscP. To compensate, the various PscP domains were expressed individually, and the cell lysate was added to purified PscU C -His (WT or N263A mutant) prior to the co-purification.
Results
Structure of the P. aeruginosa T3SS Ruler Protein PscP-To characterize the molecular mechanism of needle length control, we attempted to express and purify the Yersinia ruler protein YscP, which had been extensively studied. This protein had limited stability and solubility (data not shown), hindering its use for biochemical and structural analysis. However, we were able to purify miligram quantities of the P. aeruginosa homologue (47), PscP (20% overall sequence identity to YscP, 40% for the C-terminal SS domain; Fig. 1A ). PscP possesses an unusual sequence for its N-terminal LS domain, with a Pro-Thr repeat occurring in residues 95-115 (Fig. 1A) . In addition, this domain was predicted to be intrinsically disordered (not shown), unlike YscP, where it is predicted to be mainly helical (48) .
PscP can functionally complement a yscP deletion strain of Y. enterocolitica (32) for needle length control and substrate switching activity in vivo, but its role as a ruler protein had not been formally demonstrated in P. aeruginosa. To verify this, we deleted the pscP gene in a fliC deletion strain of P. aeruginosa PAO1. When overexpressing the T3SS transcription activator ExsA under T3SS-inducing conditions, we observed, by electron microscopy, T3SS needles of ϳ50 nm in length at the surface of P. aeruginosa bacteria (Fig. 1B) . In the pscP knock-out strain, those T3SS needles were elongated by up to 1 m (Fig.  1C) , confirming that PscP is the ruler protein in the P. aeruginosa T3SS.
We next used NMR spectroscopy to structurally characterize PscP. As shown in Fig. 2A , the 15 N HSQC spectrum of fulllength PscP (PscP(1-369)) yielded numerous poorly dispersed, sharp peaks between 7.5 and 8.5 ppm on the proton dimension, demonstrating the presence of an extensive intrinsically disordered polypeptide chain. In addition, well dispersed, broader peaks were also observed, indicative of a stably folded protein domain. We postulated that these correspond to the LS and SS domains of the ruler, respectively. Although this could be verified directly by assigning the NMR spectrum of full-length PscP, such a task would be challenging, given the size of the protein and the extensive overlap of its amide signals. Thus, to support our postulate, we cloned and purified the isolated SS domain of PscP (PscP(254 -369)). The 15 N HSQC spectrum of this construct showed well dispersed peaks that overlapped closely with the subset of dispersed peaks in the spectrum of PscP FL ( Fig. 2A) . This confirmed that, as a purified protein in vitro, PscP possesses a ball-and-chain architecture, with a predominantly intrinsically disordered N-terminal LS domain that does not interact significantly with the globular SS domain.
We also obtained crystals of the PscP SS domain and determined its structure to 2.1 Å resolution, by SAD phasing from iodide atoms incorporated using standard labeling procedures (see "Experimental Procedures" and Table 1 ). The SS domain is (Fig. 6C ) that interacts with PscU. B and C, negative stain electron micrographs of P. aeruginosa ⌬fliC (A) or ⌬fliC/⌬pscP (B) strains overexpressing the T3SS activator ExsA, under T3SS-inducing conditions. Scale bar, 200 nm. T3SSs are showed with a black arrow. In the ⌬fliC strain, T3SS needles are observed, with a constant length of ϳ50 nm. In the ⌬fliC/⌬pscP, needles can reach lengths longer than 1 m.
observed to form an elongated shape of ϳ25 ϫ 22 ϫ 35 Å (Fig.  2B) , with an overall fold consisting of a four-stranded ␤-sheet and two ␣-helices. Helix 2 (residues 317-336) is broken approximately midway (at residue Ala-325), allowing it to more intimately wrap around the hydrophobic core of the SS domain (Fig. 2B) . The break in helix 2 is stabilized by the presence and packing of four bulky hydrophobic residues in the center of helix 2 and strand 4 (Leu-322, Leu-329, Leu-344, and Phe-346) (Fig. 2C) . These residues are all conserved, although the interacting phenylalanine and leucine can be swapped in strand 4 in some homologues (Fig. 1A) . We also note that there is no density observed for residues 350 -369 of the crystallized protein, presumably due to the disorder of this region.
The LPXLG Motif Is a Stabilizing ␤-Turn-One notable element of the ruler SS domain is the conserved LPXLG motif (residues 291-295 in PscP; Fig. 1A) . Previous studies have shown that mutations in this motif lead to an intermediate phenotype, with reduced (but not fully abrogated) substrate switching and needle length control (32) . In the PscP crystal structure, we observed that the LPXLG motif forms a type IIЈ ␤-turn that caps one end of the structure, with the side chains of the two leucine residues (Leu-291 and Leu-294) buried in the hydrophobic core (Fig. 3A) . Based on this observation, we postulated that the role of this ␤-turn is to stabilize the fold of the domain.
To verify this, we used differential scanning fluorimetry to quantify the thermal unfolding of PscP in various conditions. Remarkably, as shown in Fig. 3B , PscP is a highly stable protein, and no unfolding was observed at temperatures Ͼ80°C under physiological conditions. In the least favorable condition tested (neutral pH, no salt), the midpoint unfolding temperature (T m ) was ϳ82°C, with the protein notably stabilized by both lower pH and high salt concentrations. Similarly, subdenaturing concentration of urea stabilized the protein, with a T m of 87°C in 2 M urea (Fig. 3C) .
We next engineered a number of mutations in the LPXLG motif of the PscP SS domain and measured their temperature of unfolding. As shown in Fig. 3C , mutating either Leu-291 or Leu-294 to alanine significantly decreased its T m , to 41 and 50°C, respectively. Furthermore, unlike the wild type protein, urea destabilized both the L291A and L294A mutants, as indicated by decreasing T m in urea titration. In contrast, mutating the conserved Leu-287, which is exposed on the surface (Fig.  3A) , marginally increased the T m to 87°C. We note that the double LPXLG motif mutant L291A/L294A, as well as a mutation of the conserved Leu-322 (buried further in the hydrophobic core; see Fig. 3A ) to alanine led to proteins being expressed in inclusion bodies (not shown), suggesting that these mutations destabilize the protein to the point that it is no longer soluble.
The PscP SS Domain Cannot Pass through the Needle-It is well established that effector proteins that are transported through the needle are unfolded. Indeed, fusion of small globular domains, such as ubiquitin or GFP, to effector proteins abrogates their secretion (49 -51) and can cause effectors to be trapped in the needle complex (52, 53) . In particular, it has been shown that a YscP-GST fusion blocks effector secretion and needle formation in Yersinia (54) . Because ruler proteins are secreted early in the T3SS assembly pathway (12, 18), we questioned whether the SS domain of PscP could traverse through the needle. EM analysis of the P. aeruginosa (Fig. 1B) and the closely related Y. enterocolitica T3SS needle (26) confirmed that they are of similar dimension to the Salmonella SPI-1 and Shigella needle, for which an atomic model based on solid state NMR-derived restraints has been reported (55) (56) (57) . Based on this, we utilized homology modeling with helical symmetry in the modeling suite Rosetta (44) , to generate a PscF needle model using the atomic model of the Salmonella SPI-1 T3SS needle (55) as a template ( Fig. 4 ; see "Results" for details). Structural characterization of the P. aeruginosa needle protein PscF in its oligomerized form, using a combination of cryo-EM and solid state NMR experiments, will be required to experimentally verify this model. Notably, the sequence conservation between PscF and the Shigella needle protein MxiH is limited (23% identity).
The lumen of the P. aeruginosa T3SS needle model has a diameter of ϳ22 Å, similar to that of the Salmonella SPI-1 and Shigella needle and is proposed to allow passage of unfolded or partially unfolded polypeptides (e.g. a single helix). The lumen is narrower than the dimensions of the PscP SS ruler domain (Figs. 2B and 4E) . In order to allow passage of such a domain, a much larger diameter would be required (probably Ͼ30 Å, in order to accommodate the water solvation shell surrounding the protein), indicating that significant structural rearrangement either of the needle or of PscP would be required. Considering the stability of the PscP SS domain reported above (Fig.   2 ), we believe it unlikely that it would unfold prior to secretion. Similarly, significant enlargement of the needle lumen has not been observed in T3SS complexes with trapped effectors (53) and therefore is unlikely to occur while preserving needle integrity. Based on these observations, we propose that the SS ruler domain is recruited to the periplasm prior to needle assembly. Upon needle growth, the domain is probably pushed away at its distal (extracellular aiming) end, the SS domain effectively forming a mechanical anchor at the top of the growing needle. Mutations of the LPXLG motif that destabilize the SS domain (see above) might be causing some of these mutant proteins to unfold, thus explaining the intermediate phenotypes observed for these mutations (32) .
Structure of the P. aeruginosa Autoprotease PscU-The inner membrane-spanning T3SS autoprotease has also been implicated in substrate switching, and a direct interaction with the ruler protein has been reported in the flagellum and in the enteropathogenic E. coli and Shigella T3SS systems (14, 58, 59) . We therefore purified the cytoplasmic domain from the P. aeruginosa autoprotease PscP. As expected, the purified protein PscU(210 -348) (hereafter referred to as PscU C ) selfcleaved into two fragments of ϳ7 and ϳ11 kDa, PscU CN and PscU CC (Fig. 5A) . We then engineered a N263A mutation in the conserved NPTH loop, where the cleavage event occurs. This led to an intact PscU C with a molecular mass of ϳ18 kDa (Fig.  5A) , confirming that this mutation prevents the self-cleavage of PscU.
We then obtained crystals of PscUc, but these gave very limited diffraction. However, slightly trimming the construct at both ends (PscU(220 -341)) yielded crystals with improved diffraction, to 2.9 Å. The structure of this construct was solved by molecular replacement, using the crystallographic coordinates Table 1 ). The structure of PscU C , shown in Fig. 5B , possesses the canonical autoprotease fold, consistingofathree-stranded␤-sheet,surroundedbyfour␣-helices. Residues 230 -245, part of the linker region between the transmembrane helices and the globular domain, form a helix (␣0) that is largely ordered but does not interact directly with the rest of the protein. As predicted, the bond between Asn-263 and Pro-264 is cleaved in this construct, with the proline amide group pointing away from the generated backbone carboxyl of the catalytic asparagine (Fig. 5C ).
As illustrated in Fig. 5D , whereas the structure of the globular domain of Pseudomonas PscU is very similar to that of Yersinia YscU (root mean square deviation of 0.68 Å for the backbone atoms of residues 250 -338), the orientation of the linker helix ␣0 differs. The linker region of autoprotease proteins is highly conserved, and a number of mutations in this region were previously shown to affect substrate switching in the enteropathogenic E. coli secretion system (20) . Interestingly, previous structures of YscU showed that in the wild type protein, the ␣0 helix was fused to ␣1, whereas it was separated and interacted with the side of the globular domain in the non-cleavable N263A mutant (Fig. 5D) , leading to the suggestion that the cleavage of the NPTH loop might lead to rearrangement of the ␣0 helix.
However, in the WT PscU structure reported here, the linker ␣0 helix is not fused to ␣1 and is oriented similarly to the YscP N263A mutant. This suggests that the orientation of the ␣0 helix is not dependent on cleavage of the NPTH loop but that it probably samples a range of conformations in the absence of binding partners and/or membrane insertion.
PscU Autoprotease Interacts with the N Terminus of the PscP Ruler-We next sought to identify the domain of PscP that interacts with PscU. To this end, we co-purified PscU C with PscP in either the full-length form or with the LS or SS domains only. As shown in Fig. 6A , PscP FL and the LS domain co-purified with PscU C but not the SS domain. We also performed the co-purification assay using the N263A mutant of PscU C and observed that PscP binding was not affected in this assay (Fig.  6B) . To more precisely map the region of PscP interacting with PscU C , we performed a peptide array binding assay (60) . As shown in Fig. 6C , three peptides spanning residues 19 -40 of PscP interacted with PscU C in this assay, as did two peptides spanning residues 350 -369. The second set of peptides was probably a false positive, because this region of the protein was present in the PscP SS construct that did not co-elute with PscU C (Fig. 6A) . To confirm this, we fused PscP (20 -40) or PscP(350 -369) at the C terminus of SUMO and observed that PscU C co-eluted with SUMO-PscP(20 -40) but not with SUMO or SUMO-PscP(350 -369) (Fig. 6D) . This demonstrates that residues 20 -40 of the PscP ruler protein are sufficient for binding to PscU C .
We also attempted to characterize further the interaction between PscU C and the SUMO-PscP(20 -40) fusion protein using NMR spectroscopy. As shown in Fig. 7A Remarkably, residues 31-36 of PscP are highly conserved (Fig. 1A) , with an FEQA(L/I/M) motif found in all of the orthologs of the Ysc family, suggesting that they are important for function. Notably, no sequence conservation could be identified for the rest of the LS domain, except for a PGDXXLA motif at residues 241-247 (Fig. 1A) at the sequence boundary of the LS and SS domains. We therefore engineered a number of mutations of these residues in the full-length PscP and performed the PscU C co-purification assay with these. As shown in Fig. 6E , all of the F31N, R32R, and F31A/E32A/Q33A mutations (the latter referred to as ⌬FEQ) impaired co-elution of PscP with PscU C . A similar result was obtained with the noncleavable N263A mutant of PscU C (Fig. 6F) . We note, however, that the F31N mutant appeared to retain some interaction with PscU C WT but not with the N263A mutant, perhaps suggesting that the autocleavage affected the interaction. Further biochemical and structural characterization of the PscU-PscP interaction will be required to confirm this observation.
Taken together, these results demonstrate that the conserved FEQA(L/I/M) motif at the N terminus of PscP is necessary and sufficient for binding to PscU C . Importantly, this region has been shown to be necessary for secretion of YscU (61) . Based on this, we propose that binding of this motif to PscU serves to recruit PscP to the vicinity of the basal body central cavity, thus acting as a signal sequence.
The Two Ruler Anchors Are Conserved across Systems-Ruler proteins vary widely in size and sequence, with lengths ranging from ϳ140 amino acids (EscP) to Ͼ500 amino acids (YscP) and with no overall significant sequence conservation. Nonetheless, it has been shown that deletion of Shigella Spa32 (59) (and, to some extent, Yersinia YscP (32)) can be complemented by expression of ruler proteins from other systems, suggesting that the results reported here are not limited to P. aeruginosa and the closely related Ysc family of T3SSs but also apply to other T3SSs as well as to the bacterial flagellum. In support of this, despite their low sequence identity (19% for the SS domain), the previously published solution NMR structure of the flagellum ruler protein FliK (62) shows an architecture similar to that of PscP, with an intrinsically disordered LS domain and a globular SS domain possessing a fold similar to that of PscP (Fig. 8A) . Secondary structure prediction of other ruler proteins is consistent with a similar SS fold at their C-terminal end (not shown). We also note that the SS domain of FliK possesses an LXPXXLG motif, between strands ␤1 and ␤2, which we propose probably plays a stabilization role similar to that of the LPXLG motif of PscP (Fig. 8B) . Similar motifs are also found in a number of T3SS ruler proteins, such as the Desulfovibrio ruler DscP (
139
LGXXXLPG 146 ) and the Pseudomonas syringae ruler HrpP ( 129 MPXLG 133 ). However, there is not a similar pattern that could be identified in the Salmonella SPI-1 (InvJ), SPI-2 (SsaP), enteropathogenic E. coli (EscP), or Shigella (Spa32) rulers. Nonetheless, our results suggest common secondary structural features for the SS domain of many ruler proteins.
We next gathered ruler proteins from a number of flagellar or T3SS rulers (Table 2 ) and sought to identify a conserved motif around residues 25-40 of the LS domain, corresponding to the FEQA motif of PscP. As shown in Fig. 8C and Table 2 , similar sequences were found in most T3SS ruler sequences, including VscP, DscP, EscP, and SsaP. In flagellar ruler proteins, we identified a distinct motif with a different sequence but well conserved across species (residues 31 FLXLL 35 ). In particular, the location of hydrophobic residues and the conserved phenylalanine indicates that this motif could perform the same function as in the T3SS species. We note that a similar pattern of hydrophobic residues was also found in Spa32 and InvJ, although not including the conserved phenylalanine. Nonetheless, these observations suggest that the binding of the ruler LS domain N terminus to the autoprotease is conserved across systems. Although a direct interaction between FliK and the flagellar FIGURE 5. Structure of the P. aeruginosa autoprotease PscU. A, Coomassie-stained SDS-polyacrylamide gel of purified PscU C WT or with a N263A mutation. The WT protein forms two bands of ϳ7 and 11 kDa (PscU CN and PscU CC , respectively), confirming self-cleavage of the NPTH loop. In contrast, the N263A mutant forms a single band at ϳ18 kDa, indicative that the loop did not cleave. B, crystal structure of PscU C , in a schematic representation. Secondary structure elements and the location of the NPTH cleavage motif are indicated. Rainbow coloring indicates N to C terminus. C, close-up view of the NPTH motif from the PscU C crystal structure with the composite OMIT map shown in gray. D, overlay of the reported structures of YscU C WT (orange), YscU C N263A (blue and gray), and PscU C WT (green). The linker helix is oriented differently in the various structures, suggesting that its orientation is probably influenced by crystal packing.
autoprotease FlhB has been reported (63, 64) and has been shown to occur via the LS domain (58) , it remains to be shown that this is mediated by the FLXLL motif of FliK.
As noted previously, the LS domains of some ruler orthologues are predicted to be largely helical. We therefore performed a secondary structure prediction for each LS domain and used this to calculate their theoretical length (1.5 Å/residue for helical conformation, 3.5 Å/residue for random coil). In the Ysc family, the theoretical length is between 85 nm (for Aeromonas orthologues) and 110 nm (for the Y. enterocolitica orthologue) ( Table 2 ). This agrees with the expected length that this domain has to stretch to span the length of the needle (ϳ40 nm for the Yersinia pestis and ϳ55 nm for the Y. enterocolitica PscP), both membranes and the periplasmic space (ϳ35 nm), to reach PscU on the cytosolic side (ϳ15 nm), as illustrated in Fig.  9C . We have shown here that the LS domain of PscP does not form any secondary structure in isolation, as also suggested by its low sequence complexity that includes a Pro-Thr repeat in residues 95-115. Although, in PscP, the LS domain is significantly shorter than in YscP, their predicted physical lengths are very close due to the formation of ␣-helices in the latter ( Table 2 ). The role of the Pro-Thr repeat is not known, but it may indicate a sequence repeat expansion that occurred in order to generate longer needles. Indeed, several P. aeruginosa strains (such as ATCC, MH27, UCBPP-PA14, and CIG1) exhibit shorter Pro-Thr repeats in the PscP sequence (65), hinting at shorter needles, although this has not been verified experimentally.
Similarly, in the flagellar ruler protein FliK, the theoretical length of the LS domain matches with the length of the flagellum hook (ϳ55 nm in Salmonella (15) , ϳ100 nm in Helicobacter (66) , 120 nm in Rhodobacter (67)) added to the span between the outer membrane and the location of the flagellar autoprotease FlhB in the cytosol. We note, however, that for InvJ and Spa32, the theoretical length of the LS domain does not match with that of the T3SS needle (68, 69) , taking into account the periplasmic and cytoplasmic space (ϳ70 nm, see Table 2 ). This could, however, be caused by an excessive estimate of the predicted helical content (56%), because a small decrease to 35% helical would allow the ruler to reach a length of 70 nm. More significantly, we also observe from our analysis that the LS domain of EscP and SsaP is too short to traverse the periplasmic space, even assuming a fully extended conformation. In keeping with this, the systems with shorter needles (enteropathogenic E. coli, Salmonella SPI-1) also lack the LPXLG ␤-turn (see above). It remains to be established whether this corresponds to mechanistic differences in these systems.
Discussion
In this study, we have demonstrated that PscP, the T3SS ruler from P. aeruginosa, has a ball-and-chain architecture with an intrinsically disordered N-terminal LS domain and a globular C-terminal SS domain, the latter of which we report the first structure from a T3SS system ruler protein. We also observe that the size and unusual stability of the SS domain do not seem compatible with its secretion through the T3SS needle. Rather, it may act as a physical anchor at the tip of the growing needle. Finally, we report the crystal structure of the P. aeruginosa autoprotease PscU and demonstrate that it interacts with a conserved motif in the LS domain of the PscP ruler. Taken together, these data suggest a model for needle length sensing by ruler proteins, whereby the ruler protein is recruited to the basal body lumen through its interaction with the autoprotease (Fig.  9A) . We propose that the SS domain is electrostatically pushed away from the growing needle filament (Fig. 9B) , as supported by the positive charges on the SS interface side and the positive charge at the needle rim on the growing side, formed by the conserved Arg-72 and Arg-75 (Fig. 4D) . We note that once the ruler protein LS domain is fully extended (Fig. 9C) , the length of the LS domain matches that of the needle and periplasmic space that it has to traverse. We hypothesize that, at this point, the force on the SS domain necessary for any further growth of the needle leads to the detachment of the N-terminal anchor from the autoprotease (Fig. 9D) , triggering substrate switching, via a yet unknown mechanism at the cytosolic face of the T3SS apparatus (Fig. 7E) .
This model for length sensing by the ruler protein marks an important departure from most molecular tape models proposed previously, where the SS domain has systematically been assumed to be located on the cytosolic side. This model, originally proposed by Minamino et al. (58) and widely reprised since, arose from the original observation that the SS domain of FliK was responsible for substrate switching. However, the same study demonstrated that it is the LS domain of FliK that interacts with the flagellar autoprotease FlhB, thus supporting the model proposed here.
As noted previously, the mechanism for hook length sensing in the bacterial flagellum is vastly controversial, and a number of alternative mechanisms have been proposed (28 -31) . Although the similarity in architecture between PscP and FliK (Fig. 8A) , the conserved self-cleaving of the autoprotease in both systems, and the reported interaction between FliK and the flagellum autoprotease FlhB suggest similar mechanisms, a number of discrepancies have been described. Notably, whereas it has been shown that a single ruler protein controls needle length in the Y. enterocolitica T3SS (27) , in the flagellum, several ruler proteins contribute to hook length (70) . It is entirely possible that this corresponds to subtle differences between flagellar and T3SS systems, thus explaining the difficulty in reconciling all of the data acquired for both systems. Indeed, the variation in ruler architecture between the various T3SS families (see above) may also correspond to subtle mechanism variation, whereas the general principle of the two anchors is conserved.
In the model reported here, the SS domain acts as a physical anchor at the tip of the nascent needle. This is supported by the size and stability of this domain and probably explains the intermediate phenotype reported for mutants of the LPXLG motif in YscP. However, we cannot rule out the possibility that an (Fig. 2A) . C, multiple sequence alignment for the first ϳ50 residues of the LS domains from T3SS and flagellar ruler proteins. The various protein families are color-coded, with cyan for the Ysc family, orange for the Vsd/Dsc family, green for the Esc family, yellow for the Inv/Mxi family, and pink for the flagellum family. The consensus sequence is shown in WebLogo representation at the top.
unidentified protein acts as a ruler chaperone in the cytoplasm, keeping the SS domain unfolded prior to its secretion, or that the needle undergoes major structural rearrangements to allow for the secretion of a folded SS domain. Observation of a ruler protein trapped in a needle complex will be required to further validate the model proposed in Fig. 9 .
A second implication of the proposed model is that the SS domain would be located in the periplasmic region of the basal body prior to needle assembly. As noted above, it has been shown that the N terminus of YscP (residues 1-35) is a secretion signal, required for its translocation to the supernatant (61) . Because this region overlaps with the PscU-interacting motif that we have identified in PscP, it is likely that this interaction allows for the localization of the PscP SS domain. We note, however, that a second secretion signal was identified in the LS domain of YscP (residues 97-137), and both signals are necessary for efficient secretion of YscP in vivo (61) . It is therefore likely that additional interactions, possibly with periplasmic elements of the T3SS basal body, are required for localization of the SS domain. The molecular mechanism of a substrate specificity switch on the cytosolic side remains to be elucidated. The T3SS rod protein (YscI, MxiI, PrgJ, and EscI in the Yersinia T3SS, Shigella T3SS, Salmonella SPI-1 T3SS, and enteropathogenic E. coli T3SS, respectively) has been implicated in this process, and direct interaction between the autoprotease and rod has been reported in a number of systems (14, (71) (72) (73) (74) . However, no obvious rod homologue is found in the flagellum, where four proteins (FlgB, -C, -F, and -G) have been proposed to form a rodlike structure but have not been linked to substrate switching. Finally, we have shown here that the autoprotease interacts with the ruler protein even in a cleavage-deficient mutant (N263A), which does not perform substrate switching in vivo. Therefore, the role of the autocleavage event is not explained. It could be envisioned that once the ruler protein dissociates from the autoprotease, the rod protein is recruited in a self-cleavage dependent manner, leading to arrest in needle growth and selection of intermediate effectors (Fig. 3D) . It is also possible that the autocleavage event weakens the ruler-autoprotease interaction, thus allowing the ruler to dissociate under the pressure exerted by the growing needle. Further biochemical investigation into the interplay between the ruler, rod, and autoprotease will be required to fully understand the substrate selection process in both T3SS and flagellar systems.
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